Abstract The presence of infectious microorganisms in urinary stones is commonly inferred from stone composition, especially by the presence of struvite in a stone. The presence of highly carbonated apatite has also been proposed as a marker of the presence of bacteria within a stone. We retrospectively studied 368 patients who had undergone percutaneous nephrolithotomy (PCNL), and who also had culture results for both stone and urine. Urine culture showed no association with stone mineral content, but stone culture was more often positive in struvite-containing stones (73 % positive) and majority apatite stones (65 %) than in other stone types (54 %, lower than the others, P \ 0.02). In 51 patients in whom the carbonate content of apatite could be measured, carbonate in the apatite was weakly predictive of positive stone culture with an optimal cutoff value of 13.5 % carbonate (sensitivity 0.61, specificity 0.80). In positive cultures of stones (all mineral types combined), organisms that characteristically produce urease were present in 71 % of the cases, with no difference in this proportion among different types of stone. In summary, the type of mineral in the stone was predictive of positive stone culture, but this correlation is imperfect, as over half of non-struvite, non-apatite stones were found to harbor culturable organisms. We conclude that mineral type is an inadequate predictor of whether a stone contains infectious organisms, and that stone culture is more likely to provide information useful to the management of patients undergoing PCNL.
Introduction
Historically, renal calculi associated with urinary tract infection have been identified by the presence of struvite (magnesium ammonium phosphate) in the mineral composition of the stone [1] [2] [3] . This identification reflects the generally accepted relationship between the formation process of struvite stones and urea-splitting bacteria. The activity of the bacteria-produced enzyme urease results in an alkaline environment high in ammonia, and thus highly favorable for the precipitation of struvite crystals [4, 5] .
Treatment of renal calculi associated with infection most often consists of surgical removal and appropriate administration of antimicrobial agents [6] . Percutaneous nephrolithotomy (PCNL) has become the treatment of choice for large, complex, and multiple renal calculi [7] , and infection stones often fall into this group. Although reported rates of sepsis with PCNL vary widely, systemic infection is certainly one of the most serious clinical problems that can follow PCNL treatment [8, 9] . Greatly complicating these cases is the fact that fever and bacteremia can present despite antibiotic treatment and negative preoperative urine culture [10] . Thus, simply equating post-procedure infection risk with infected bladder urine is not adequate for predicting that risk.
In addition, some studies show that post-operative development of these symptoms does not correlate with stone composition [10, 11] . That is, in these studies the occurrence of sepsis-related symptoms was not significantly different in patients presenting with struvite or nonstruvite renal calculi. One explanation of this observation is that stones may harbor non-urease-producing organisms (and thus do not provide the milieu necessary for struvite formation [12] ) that can lead to sepsis-related symptoms after surgery. The other aspect of the disconnect between the presence of struvite in the stone and infection risk may be that some struvite stones formed during infection no longer harbor culturable bacteria [13, 14] . Thus, it seems that urease-producing organisms must be present for the formation of struvite, but that a struvite stone can later be rendered sterile, so that it is not a source of infectious organisms for post-surgical complications.
However, many urinary stones-including struvite stones-also contain calcium phosphate in the mineral form of apatite, and this mineral retains imprints of bacteria [15] , suggesting that it would be a likely source for retention of infectious agents that could be released during surgery. Moreover, the number of bacterial imprints in apatite has been shown to correlate with the carbonate content of the mineral [15] , and high carbonate content in apatite is consistent with the mineral being formed in the presence of infection [12] .
The purpose of the present study was to see if the carbonation level of apatite in stones might be an indicator of the presence of infectious organisms in the stone-as measured by stone culture-so that the apatite carbonation level could be used as an indicator for risk of infection in patients undergoing percutaneous removal of their stones.
Methods
We performed a retrospective study of PCNL patients treated for renal calculi at the treatment site of the Methodist Hospital Institute for Kidney Stone Disease, in Indianapolis, Indiana. All consenting patients treated at this site between 1999 and 2009 formed the Institutional Review Board-approved database from which patients were selected for this study. The database contained all relevant clinical data including bacteriological findings from renal stone and urine cultures (all cultures done using both CNA and MacConkey agar methods) and results from the infrared spectroscopic stone analysis provided by the commercial stone laboratory (Beck Analytical Laboratories, Inc., Indianapolis, IN, USA). In all, there were 368 patients for whom there were stone analysis results along with data for stone and urine cultures.
Patients were then divided into three groups based on the analysis of stone mineral content: struvite patients, apatite patients, and non-struvite non-apatite patients. Struvite patients were defined as those patients with any amount of struvite reported in their stone analysis. The apatite group contained patients having renal stones with apatite content[50 % in the absence of struvite. Lastly, the non-struvite, non-apatite group contained patients having renal stones with apatite content B50 % in the absence of struvite.
Patients presenting with a positive culture associated with either the urine or stone, or both, were further classified as having a urease or non-urease producing bacterial infection. The presence or absence of urease was inferred by cross-referencing the identified bacteria with a reference table of organisms known to produce urease [16] .
Patients within the apatite group for whom additional fragments of stone were available from the analytical company were further classified by measurement of carbonation level as previously described [17, 18] . These additional fragments were scanned by micro CT, using a SkyScan 1172 system with voxel sizes ranging from 14 to 18 lm and subsequently dissected, using the micro CT scans to find regions high in apatite mineral [19] . These dissected regions were analyzed by Fourier transform infrared spectroscopy (FT-IR) using the KBr pellet method and a Bruker Alpha-T Spectrometer [20] . Only those samples showing nearly pure apatite were used for measuring carbonate level-specifically, small quantities of proteins or calcium oxalate evident in the spectrum were deemed not to interfere with the measurement of carbonate content. Additionally, great care was taken to be sure that no struvite was present in those samples used for measuring carbonate levels, looking especially for evidence of the 1,435 cm -1 peak within the carbonate region of apatite, and for a shift of the 1,037 cm -1 phosphate peak toward lower values, as occurs when struvite is present in small amounts [21] .
Statistical analysis was carried out using JMP software (SAS, Inc., Cary, NC.). For categorical data, differences were tested by the Chi-square method (two groups) or by analysis of means for proportions (for more than two groups). For numerical data, groups were compared by t test (assuming unequal variances) or with analysis of variance and the Tukey-Kramer HSD test.
Results
Overall, of 368 patients meeting the study criteria, 304 (83 %) presented with a positive culture associated with either the urine or stone, or both. Urine culture showed no association with stone mineral content (Table 1) , but stone culture showed a higher proportion of positive results in struvite-containing and majority apatite stones (73 and 65 % positive, respectively) than in other types (54 % positive; analysis of means for proportions test, P \ 0.05).
Lumping majority apatite and struvite-containing stones together averaged 68 % positive stone cultures, significantly greater than the 54 % positive rate with other stone types (Chi-square, P = 0.005), but no difference with urine culture results (P = 0.06).
So, majority apatite content or struvite presence in a stone correlated with a positive stone culture result, but note that 27 % of struvite patients and 35 % of apatite stone patients showed no culturable organism in their stones, so stone composition alone was not a perfect indicator of culturable organisms in the stones of PCNL patients.
Looking specifically at the patients with majority apatite stones, sufficient additional material was available to measure the carbonate content of the apatite in the stone samples of 51 of the patients. Each of these specimens was imaged by micro CT for guiding the stone dissection, and carbonate content was calculated only for those specimens in whom an infrared spectrum could be obtained showing nearly pure apatite. The results of these measurements are shown in Fig. 1 , with the data distributed by the results of urine and stone cultures for each patient.
Overall, the average values for carbonate content of the apatite stones did not differ between those that were negative (10.5 ± 6.6 % carbonate, n = 20) or positive for stone culture (13.8 ± 5.7 % carbonate, n = 31; P = 0.07 by t test). However, as shown in Fig. 1 , when patients were grouped by both urine and stone cultures, those with positive culture results in both had a significantly higher rate of apatite carbonation (16.2 ± 4.9 % carbonate, n = 22) than did those patients with only a positive urine culture (9.2 ± 4.4 %, n = 11) or only a positive stone culture (8.0 ± 1.8 %, n = 9). Note, though, that none of these groups differed from the apatite carbonate content of patients with no positive culture results (12.0 ± 8.7 %, n = 9); this lack of difference is likely because the patient with the highest measured value of apatite carbonate (32 %) showed both sterile urine and sterile stone, so that the standard deviation in this group was quite high.
This high value of carbonate content in the specimen from a patient with no positive culture was apparently real, as two samples of apatite were able to be measured on this patient's stone sample, with carbonate measurements of 28.4 and 35.2 %, yielding a mean carbonate value for this specimen of 31.8 ± 4.8 %. Overall, the measures of carbonate content of apatite were rather consistent; carbonate was determined in two or more samples in 30 of the apatite specimens, with an average standard deviation of carbonate content of only 1.8 ± 1.7 % (median of 1.3 %, range 0.1-7.1).
So, carbonate content in the apatite stones did not correlate perfectly with culturable organisms in the stones or urines of the patients. Using the value of mean carbonate content as a predictor of stone culture results yielded a receiver-operating characteristic curve with an area under the curve of only 0.69 (Fig. 2) . Using 13.5 % mean carbonate content as the diagnostic cutoff value, high carbonate content of apatite was weakly predictive of positive stone culture (sensitivity of 0.61, specificity of 0.80). Struvite includes any patient with any struvite reported in the stone analysis, regardless of the percentage. Apatite includes patients with no struvite and [50 % apatite (either reported as hydroxyapatite or carbonate apatite). Other is all non-struvite, non-apatite patients PCNL percutaneous nephrolithotomy * Fraction of stone cultures that were positive (summing all positive stone culture results, ignoring urine culture results) was significantly less than for struvite and apatite groups, P \ 0.05 In the 51 patients with apatite stones and carbonate measures, the values of carbonation corresponded reasonably well with the apatite designations from the clinical stone analysis, as either hydroxyapatite or carbonate apatite. The additional fragments of those stone specimens designated as hydroxyapatite (n = 44) had an average carbonate content of 11.8 ± 6.3 %. Those specimens designated as carbonate apatite (n = 7) had on average a greater carbonate content (16.9 ± 2.9 %, P \ 0.004 by t test). All seven of the patients designated as having carbonate apatite stones also had a positive stone culture, compared with only 24 of the 44 designated as hydroxyapatite (P \ 0.05, Fisher's exact test).
Regarding the organisms cultured in these PCNL patients, the percentages of positive cultures with organisms typically found to be urease positive showed little variation among the different stone formers: Lumping urine or stone cultures together, struvite stone formers with positive cultures had urease-producing genera or species in 76 % of the cases, apatite stone formers 70 %, and non-struvite, non-apatite stone formers 69 %. Similarly, there were no significant differences in the presence of urease-producing organisms among patients with a positive stone culture when compared by stone type, regardless of the urine culture results.
Of patients presenting with both a positive urine and stone culture (n = 169), 35 % were found to have different culturable organisms between the urine and the stone cultures. There was no significant difference in the rate of organism discordance between urine and stone culture when patients were compared by stone type.
Discussion
The common use of the term 'infection stone' indicates a stone that is formed in the presence of infection, and such stones are commonly composed of struvite and/or apatite, as a urinary tract infection typically creates a physicochemical environment that favors the formation of these two minerals [12] . In thinking about the causes of postoperative complications following PCNL, the concern is not so much that a stone initially formed in the presence of infection, but rather whether pathogenic organisms are present in the stone at the time of the procedure, when they could become a source of systemic infection [8] .
Some studies have argued that stone cultures are the best indicator of whether a patient may be at risk for complications of infection after PCNL, and that the results of stone culture should be used for directing antibiotic therapy following surgery [8, 22, 23] . However, not all surgeons regularly collect stone cultures, and so other indicators of the likelihood of post-operative infection are desirable [11, 24] .
The results of the present study suggest that mineral type is associated with culturable organisms in the stone, as 68 % of the patients with struvite-containing or majority apatite stones also had a positive stone culture, as compared to only 54 % positive cultures in patients with other stone mineral types. This result is consistent with results that show struvite as an indicator of post-operative fever symptoms [22] . However, these numbers also show that mineral type is an imperfect predictor of culturable organisms in the stone, as a third of patients with struvite or apatite stones yielded a negative stone culture, and over half of the patients with non-infection type stones showed a positive stone culture. This kind of result is thus consistent with another study in which post-operative fever symptoms did not correlate with struvite in the stone [11] .
One study has shown that the number of bacterial imprints found in apatite stones correlated positively with the carbonate content of the apatite [15] . All apatite in stones contains at least some carbonate [25] , probably because the apatite crystal lattice is open to the inclusion of impurities [26] , and carbonate/bicarbonate ions are always present in physiological fluids. Carpentier et al. [15] reasoned that their results with bacterial imprints and the carbonate content of apatite related to the environment created by bacterial growth, so that a greater number of bacteria in the urine would yield a higher carbonate content in the apatite mineral formed there.
Our results on correlating the carbonate content of apatite with culture results support this overall concept, as patients with a positive stone culture had higher levels of carbonate in apatite stones. However, the overall predictive value for culture-positive stones of carbonate level in the apatite was not great (sensitivity of 0.61 and specificity of Fig. 2 Receiver-operating characteristic curve showing prediction of positive stone culture on the basis of the carbonate content in apatite stones. Optimal cutoff of 13.5 % carbonate indicates the value with the best combination of sensitivity and specificity 0.80), suggesting that it is not a simple relationship between the presence of highly carbonated apatite in stones and the presence of culturable bacteria remaining in the kidney stone.
Highly carbonated apatite-which likely formed with infection-is not a perfect indicator of present infection in the stone. Similarly, the presence of struvite, which is thought to form only in the presence of infection [5] , is an imperfect indicator of present infection, as in the present study where 27 % of patients with struvite stones showed no culturable organism in their kidney stone. A possible explanation of these results is that stones that form in the presence of infection can later be rendered sterile by antibiotic treatment. This suggestion goes against long-held ideas that infective organisms in stones are encased in the mineral and thus highly resistant to chemical treatment [27] . However, it may be that in many cases the infecting organism can be eliminated from the stone, so that the stone no longer harbors the organism, and thus the stone pieces are not a source for systemic infection during surgery.
The present study has implicitly used a positive stone culture as the standard for indicating the danger of infection following PCNL. This idea makes sense and fits with clinical results [8] . However, it should be noted that the rate of post-operative complications was quite low in the present series. In 931 total patients who consented for data collection with PCNL, only 36 (3.9 %) had post-operative fever and only 7 (0.75 %) had sepsis. In contrast, another recent study reported 22 % of their patients as having sepsis-related symptoms [8] . The very low rate in the present series is likely due to the experience level of the surgeon and the regular use of prophylactic antibiotics before and after the surgery. It is also our practice to change the post-operative antibiotic if a positive stone culture indicates an organism that is insensitive to the antibiotic in use. Thus, in practice we use stone culture as the practical indicator of potential infective complications after surgery, and the results of the present study show that stone mineral type is probably not a good surrogate for stone culture.
It should be noted that the quantitation of carbonate level in stones can at present be done only with infrared spectroscopy [15] . The poor crystalline nature of apatite makes the identification of carbonate content difficult with X-ray diffraction [28] . Although we have previously identified different morphologies of kidney stone apatite using micro CT [17] , we did not in the present study see any correlation between apatite morphology and the measured level of carbonate. As to chemical analysis of stones-which can give a value for carbonate ion-such methods are notoriously inaccurate [29] and cannot indicate mineral content; that is, chemical analysis kits for kidney stones cannot indicate the specific presence of apatite at all.
In conclusion, the present study supports the concept that the mineral type of kidney stone is an indicator of culturable organisms in stones removed by PCNL, but this indicator-even with the presence of struvite in a stone-is imperfect. Adding measurement of carbonate content to the analysis of apatite stones adds some ability to predict infected stones, but this measure is also imperfect. It seems probable that actual stone culture is the best practical measure in assessing infection risk for patients following PCNL, but further direct study of this will be required.
